We show that the use of higher dimensional wrapped branes can significantly extend the inflaton field range compared to brane inflation models which use D3-branes. We construct a simple inflationary model in terms of 5-branes wrapping a 2-cycle and traveling towards the tip of the Klebanov-Strassler throat. Inflation ends when the branes reach the tip of the cone and selfannihilate. Assuming a quadratic potential for the brane it is possible to match the CMB data in the DBI regime, but we argue that the backreaction of the brane is important and cannot be neglected. This scenario predicts a strong non-Gaussian signal and possibly detectable gravitational waves.
I. INTRODUCTION
Despite much recent progress, completely successful models of inflation in string theory are still hard to come by. Many models that attempt to achieve standard, single field, slow-roll inflation suffer from fine-tuning issues associated with the necessary flatness of the potential. In addition, these models often do not have any particularly stringy features and so, while encouraging, are not very useful as tests of string theory. In this paper we are interested in the brane inflationary scenario [1] [2] [3] [4] in which the inflaton is described by the position of a brane. Because of the unusual form of the brane action, this scenario can provide enough inflation even with a steep potential and has potentially "stringy" signatures such as observably large non-Gaussianity and cosmic strings.
The most studied case is D3-D3 brane inflation in a warped geometry [5] . In this scenario the inflaton is the distance between the branes and inflation ends when the branes annihilate at the bottom of the throat. While the warped geometry helps to flatten the Coulombic potential between the branes, effects from compactification and interactions with other branes or fluxes used to stabilize moduli contribute to the potential. These terms must be fine-tuned to achieve slow-roll inflation. Of course, one can argue that with a large landscape of string theory vacua, there will be one where the necessary flat potential is achieved in a self-consistent regime. This has been checked in detail in [6] [7] [8] which found that it is sometimes possible to achieve slow-roll inflation in the D3 system, albeit of a particular type.
However, the square root structure of the brane kinetic term can play an interesting role in this type of model [9, 10] . The square root imposes a speed limit on the
where a(t) is the scale factor and V (φ) is the inflaton potential. The function f (φ) causes a field-dependent speed limit for the inflaton and can be chosen such that the inflaton moves slowly (but relativistically in the sense that its velocity approaches the local limit) even in a steep potential. In the limit of small proper velocity, this kinetic term reduces to the usual one. When the brane is moving in a regime where the square root cannot be expanded, the scenario has been called DBI (Dirac-Born-Infeld) inflation. A Lorentz factor for the inflaton, γ(φ) =
, captures the differences between this theory and one with a usual kinetic term. The sound speed in this model is equal to 1/γ, which changes the time of horizon exit for scalar modes. As a result, the tensor-scalar ratio r is suppressed by γ, so that for a changing speed limit (changing sound speed) r may be rapidly suppressed. The model also comes with large non-Gaussianities (ideally an observational blessing) which are severely constrained by current observations, making it difficult to fit all data consistently. In fact, Baumann and McAllister [11] have recently shown that DBI inflation with D3-branes in a throat can hardly match the data in a regime where the supergravity is selfconsistent. We will review this fact here and demonstrate that the constraints are less stringent for wrapped branes. One of the strongest microscopic constraints on brane inflation has always been the field range, i.e. the fact that the inflaton can only move a very limited distance. This is easy to see from the fact that the moduli space of the brane position is just the physical compactification space itself. This needs to be compact for a realistic phenomenology with gravity. The field range ∆φ/M p is constrained by the relationship between the four-dimensional (reduced) Planck scale M p and the six-dimensional vol-ume. In the old slow-roll brane inflation on a torus, this limited field range meant that it was impossible to get enough e-folds [2] . For D3-brane inflation in a warped throat with a quadratic potential, a typical field range that gives the observed COBE normalization comes into conflict with the current bound on non-Gaussianity [11] . Increasing the field range without violating this bound is then the key to matching observations. As we will show in this note, this can be done by describing the inflaton of KKLMMT [5] in terms of the position of branes wrapped on cycles of the internal geometry. Furthermore, taking into account the feature that the sound speed may vary considerably during inflation, one may potentially obtain an observable value of the tensor-scalar ratio. On the downside, we find that higher dimensional wrapped branes have a larger backreaction and it seems impossible to have a valid probe brane analysis throughout the inflationary era. However, it is not clear that this prohibitively alters the observable quantities.
Before going into detail, we first note that DBI inflation with a quadratic potential is just chaotic inflation with small sound speed (although it is hybrid in the sense that a tachyonic field kicks in to end inflation). If the Hubble parameter is not dominated by a constant, so H(φ) = h n φ n , n > 0, then to have inflation,
where M p is the reduced Planck mass, the derivative of H is with respect to the inflaton field and the varying sound speed is included through the γ factor. So transPlanckian field range is required unless γ is large (sound speed is small). In DBI inflation, γ is constrained by data to be not too large and the field range is restricted geometrically. So while DBI inflation brings the necessary field range below the Planck scale, it only does so barely.
In understanding the conflict with data, it is useful to keep that simple idea in mind.
The rest of the paper is divided as follows. We first review the status of brane inflation and discuss how to generalize the familiar D3 scenario to obtain an extended field range. We discuss in some detail the case of a wrapped D5-brane, where inflation naturally ends as the cycle the brane wraps shrinks to zero size. We then look at DBI inflation in this new set-up. We show that we can match the Cosmic Microwave Background (CMB) data in a regime where we expect the supergravity description to be valid. On the other hand we show that as the brane moves down the throat, the backreaction rapidly becomes important. We then conclude with possible resolutions and a general discussion.
II. PRELIMINARIES
We limit ourselves to string theory vacua which admit a low-energy description at the inflationary scale and where the compactified dimensions are large compared to the string scale. We consider a warped compactification of string theory with a metric
where the warp factor h depends only on the coordinates y of the extra dimensions. In these constructions the four dimensional effective Planck mass can be calculated in terms of the warped volume V w 6 of the compact manifold
where
is the ten dimensional gravitational constant (dependent on the string coupling g s and the string scale √ α ′ ) and V w 6 = d 6 y √ gh(y) [12] . The inflaton field φ can be a closed string modulus, an open string modulus (the position or deformation of branes -see [13] for an example of the latter) or any combination of those. We want to discuss the maximal displacement of the field in Planckian units
such that the low-energy description is still consistent. Note that this is really a computational limit and it is entirely possible that the inflaton could have an unbounded range in some stringy models that go beyond the supergravity approximation.
For a single field model the maximum range of the inflaton field is determined by the size of the moduli space of that field. If the moduli space is compact, then the inflaton field must have a limited range. Some typical examples of inflaton fields with a compact moduli space are the axion (with a circle as moduli space S 1 ) or the position of a D3-brane filling out the 4D external spacetime whose moduli space is the full internal Calabi-Yau. An example of a non-compact inflaton field could be the volume modulus which can go all the way to infinity in the decompactification limit.
A. Tensor Modes, Field Range and the Lyth Bound
In addition to constraining the amount of inflation, the field range determines how much tensor signal one should expect for a given model. In slow-roll inflation, one can directly relate the variation of the inflaton in terms of e-folds N to the tensor-scalar ratio r
This relation is generically modified for a general kinetic term although for the case of DBI (the square root), it is unchanged [11] . One can rewrite the above equation in terms of the tensor/scalar ratio r CMB measured at the CMB pivot scale
The parameter N eff is a measure of how much the tensor scalar ratio changes [14] . For standard slow-roll inflation, a conservative bound can be put on this parameter N eff ∼ 30 [11] . For DBI inflation, the varying sound speed c s ∼ 1/γ adds some freedom and it is reasonable to lower N eff all the way down to 1/ǫ ∼ 10.
Taking the maximum field range allowed by a given microscopic theory gives the so called Lyth bound [15] on the tensor-scalar ratio
Generally, one would expect that ∆φ Mp ≪ 1 in order for the supergravity approximation to be valid and that would mean that r is very small.
B. Field Range in D-brane Inflation
Let us first discuss the field range allowed for the position/deformation of a D-brane where the moduli space is the compact manifold itself (or a submanifold thereof). In the following we would like to show how the field range increases if the inflaton is described by a wrapped brane instead of a D3-brane.
Brane Inflation on a Torus.
As a first example let us take a simple compactification of string theory on a symmetric six dimensional torus with size L and volume (2πL)
6 [2] . Taking the inflaton field φ to be related to the coordinate x on the torus by a normalization S through φ = √ Sx, the maximal field range is given by the size of the compactification
where we have defined l s = √ α ′ and we have used the definition of M p in Eq. (4). For a D3-brane with normalization
In a valid supergravity approximation L > l s and g s < 1, which means that for a D3-brane the field range is always small. In more general cases, the relation between the inflaton and the coordinates can be more complex but we will stick to this simple constant of proportionality in this paper. It is a good approximation to more realistic cases. One can possibly extend this field range in several ways. First one can imagine using a stack of n branes and then φ is a collective field for the position of all these branes (like in [16, 17] or, in a different context, [18, 19] , [20, 21] ) or [22, 23] . This would lead to a √ n factor enhancement of the field range. The value of n is, however, limited by the fact that the backreaction of the brane stack must be kept under control.
Another possibility is to move in a diagonal of the torus. Then the inflaton is a collective field made of various coordinate directions. This type of behavior only enhances the field range by a factor proportional to the square root of the number of (real) dimensions of the moduli space. For the position of a D3-brane this is just six.
Both previous ideas involve using a collective coordinate and only lead to a numerical enhancement of the field range. A more dramatic possibility is to consider a different normalization by using different branes. Indeed if one uses a wrapped p-brane (with p > 3) the normalization would generically depend on the size of the torus S = (2πL) p−3 T p+1 and one finds for a D5 and D7 respectively
∆φ
Note that these quantities are always smaller than one in a consistent supergravity approximation [56] . It is important to note that backreaction of the brane on the geometry will change the volume of the internal space.
Brane Inflation in a Warped Throat
In KKLMMT [5] it was argued that inflating in a warped throat flattens the potential and this geometry has since been widely used in the context of string cosmology. Most of the current models are based on the Klebanov-Strassler (KS) throat [24] but we emphasize that the exact metric is not necessary for many calculations. Instead, up to details of brane embeddings, it is enough to know the warp factor for a first pass on the cosmology. A general discussion of accelerated expansion in these kind of geometries can be found in [25] . If the space is AdS 5 × X 5 the metric may be written as
where the warp factor is h(ρ) = R 4 /ρ 4 , ρ is the radial coordinate (r is used for the tensor-scalar ratio), g µν is the Friedmann-Robertson-Walker metric, and the AdS scale R is given by
Here N is the amount of F 5 flux (D3-brane charge) on the cone and v = Vol(X 5 ) is the volume of the base. In order for the internal space to be finite, this throat must be glued to a compact manifold of finite volume. The gluing can be done at a distance ρ UV ∼ R from the tip of the throat where h(ρ UV ) = 1. Now assuming that most of the volume is coming from the warped throat and that the bulk contribution is subdominant we get the following six dimensional volume
Taking the maximum range for the inflaton to be (∆φ) 2 = Sρ 2 UV together with the value of M p from Eq.(4) we get an upper bound for the inflaton variation
and T 3 is the D3-brane tension. So for a D3-brane where S = T 3 we see that the range is at its maximum 2/ √ N . In order to have a valid supergravity description one usually requires N > 10
4
(then R > l s for g s ∼ 0.1) and this means that the field range for a D3-brane in these throats is usually much smaller than Planck scale. Including the bulk one might expect that it is possible to achieve a bigger field range, but of course M p increases with the bulk volume.
Allowing movement in the angular directions extends the field range slightly (with the inflaton φ now being a collective field, a combination of the radial and angular coordinates). However, recent work in the subject [26] (see also [27] ) shows that this is usually not very helpful and gives only a numerical factor enhancement.
For a given background, the one potentially free parameter in the calculation above is the normalization of the inflaton field. Instead of using a D3-brane, we now consider the inflaton as the position of a wrapped brane in the throat.
C. Wrapped Branes in the Throat
Imagine a D5 [57] brane wrapping a 2-cycle inside of X 5 . We then expect the normalization to be of order S ∼ pR 2 T 5 where R is the AdS scale, the only length scale relevant to this problem and p is the winding number (see the next section for more details). From this we find that
Taking the inflaton to be related the brane position as before φ max = √ Sρ UV and φ min ≈ 0, we find ∆φ
This is a rather interesting result. In addition to offering new degrees of freedom to vary we see that the dependence on the D3-brane charge N now enters as the −1/4 power. Then for a given value of the background charge the field range will be larger for a wrapped D5-brane than for a D3-brane. The situation is even better for a D7-brane wrapping a 4-cycle in X 5 . The maximum field range is
and this is completely independent of N ! Since wrapped branes have a naturally larger field range, using these objects for the inflaton may provide inflationary models that can match cosmological data. To examine this claim we will focus in the rest of this paper on the D5-brane case and we will concentrate on the DBI type of inflation with a quadratic potential. We do this to compare with the well-studied D3 case. As we will show, the problems found in [11] are essentially resolved for a D5 brane inflaton. Nevertheless, the situation is not perfect. In particular, the backreaction for a D5-brane is more important than for a D3-brane. We expect (dimensionally) the D7 brane to have an even larger backreaction and for this reason we will not consider it much further in this paper.
In the most common model of brane inflation one typically considers a brane and an anti-brane, with the inflaton the distance between the branes. Inflation ends when the branes approach within a string length, a tachyon develops and the branes annihilate. Phenomenologically this is hybrid inflation, although at a string length distance the effective field theory breaks down and one must include higher open string modes living on the branes. The end of inflation in these scenarios is then very stringy and interesting physics comes out. The reheating era starts with a phase dominated by massive non-relativistic closed string modes [28] and (p, q)-strings of cosmic size are produced [4, 29] . These could potentially be observed today as cosmic strings.
If one considers inflation from a wrapped D5-brane in a type IIB vacuum of the KKLT type [30] , (i.e. a vacuum with D3-branes and/or D7-branes) then there is no need of an anti-brane to break supersymmetry (see [31] from some early work on the subject). The D5-brane itself, when extended in the three non-compact spatial directions, preserves a different supersymmetry from the rest of the background. This means that the D5-brane is a non-BPS object which is unstable and can "self annihilate". This interesting exit scenario resembles what happens in a geometric transition where a D-brane is transformed into flux.
One can easily see this instability in the warped deformed conifold geometry since there is no non-trivial 2-cycle in this case (the second Betti number vanishes) and it is always possible for a wrapped D5-brane to shrink to a point. When the radius of the brane reaches string scale, a tachyon develops on the brane and it"selfannhilates". Alternatively, for a throat with M units of F 3 we can imagine forming a small D5-brane (wrapping a 2-cycle p times) at the bottom of the throat and pulling it out to some fixed value of ρ. Inside the D5-brane bubble, there are M − p units of F 3 flux while outside the original M units F 3 remain (see Fig. 1 ). If we then let the D5-brane go, it will shrink back and self-annihilate leaving the background charge
A D5-brane wrapping a two-cycle p times that shrinks to a point. We are showing here the system in Cartesian coordinates where the D5 is at a fixed radius ρ0. Below ρ0, there are M − p units of F3 while above it the original background M units remain. When the radius reaches the (accordingly warped) string scale, a tachyon develops on the brane. One can think of this as brane-antibrane annihilation between antipodal part of the brane on the S 2 it wraps.
Whether one can naturally start this scenario and get inflation as the D5-brane shrinks to zero size will depend on the details of the potential the D5-brane experiences. This is a model dependent question and it would be interesting to calculate precisely what the potential for a D5-brane is in a particular compactification. In general one might expect many different metastable vacua. Indeed in the decompactification limit such vacua were constructed in e.g. [32] . Such metastable vacua could offer a nice starting point for inflation. One can imagine that the D5-brane wrapping an S 2 of the Calabi-Yau tunnels out and falls into a throat. In this paper, we limit ourselves to scenarios where sufficient e-folds of inflation occur while the D5-brane falls down the throat.
D. Specific Implementation in the Warped Deformed Conifold
The warped deformed conifold or Klebanov-Strassler (KS) throat is of the general form given in Eq. (14) where the base approaches T 1,1 in the UV with the following metric
Here (θ 1 , φ 1 ) and (θ 2 , φ 2 ) are coordinates on each S 2 and ψ is the coordinate of a U (1) fiber over the two spheres. This space has a Z 2 symmetry exchanging the two 2-spheres. In the IR, the KS throat reduces to S 3 × R 3 . One S 2 shrinks to zero size while the other joins with the fiber to give an S 3 . In addition the KS throat has the following background fluxes
where N and M are the number of D3-branes and fractional D3-branes respectively,
For F 5 we have given the leading term only. Finally, in the expression for B 2 , ρ 0 is chosen to be the IR scale such that B 2 vanishes a the tip of the throat. For a nice review of this construction, see [33] .
D5-Brane Embedding
We want to look at a D5-brane in this background at some radial position φ = ρ √ S for some normalization S. The D5-brane extends in all the 3+1 non-compact directions (hence can act as a vacuum energy) and wraps a 2-cycle in T 1,1 . This is not a supersymmetric embedding as the D3-D5 brane system breaks supersymmetry unless the branes share only two spatial directions.
We assume that this embedding is fixed in the angular direction and we will not consider fluctuations around it. One can generally imagine various embeddings and while details of the physics will depend on which one is chosen to start with, the leading term appears to be insensitive. A general discussion of various possible embeddings of a D5-brane in this kind of geometry can be found in [34, 35] .
Following this discussion we take the worldvolume coordinates to be
There exists a natural 2-cycle in T 1,1 where we take ρ and ψ to be constant, θ 2 = f (θ 1 ) and φ 2 = g(φ 1 ). For this type of embedding, the pullback metric on the D5-brane is diagonal and is given by (spatial derivatives are dropped since during the inflationary era these terms are highly suppressed by the scale factor)
where i runs from 1 to 3, we have introduced the FRW scale factor a(t) and
The pullback for the NS-NS tensor is
More specifically, we can use the following embedding θ 2 = −θ 1 and φ 2 = −φ 1 (which is the same as the coordinate identification that shows the reduction of the metric to an S 3 in the IR, that is to say that this is the 2-cycle that shrinks to zero size in the KS throat). This set-up is shown in Fig. (2) . For this particular embedding,
2. The DBI Action
Considering the case with no gauge flux on the worldvolume, the following pullback of the metric and NS-NS tensor
We wrap the D5-brane on the S 2 at some fixed position on the ρ axis. Below that value of ρ (below the dark line in the picture) there is one less unit of F3 threading through the S 3 .
Note that different choices of embeddings on the D5-brane would affect F through the log part. The NS-NS tensor is a decreasing function of φ. The maximal value is obtained for φ edge = √ SR,
, we can neglect the contribution coming from B 2 and
Since F is roughly constant in the AdS part of the throat the choice of embedding and gauge flux is only marginally important. Note that if q units of magnetic flux on the brane worldvolume are turned on, there would be an additional term going like α ′ 2 q 2 in F . Now putting all this in the DBI action for the D5-brane
where in the last line φ is now canonically normalized with S = 4πR 2 T5 3 and f (φ) = 3h(φ) 4πT5R 2 . This is exactly the kind of normalization we used in section (II).
One can also consider the possibility of having a winding number p as well as the possibility of wrapping a base that is orbifolded. In the case of the orbifold, the base will have a smaller volume and the two cycle wrapped by the D5 might or might not be orbifolded. To account for that we introduce a new parameter a (not to be confused with the scale factor) that determines the effect of the orbifolding on the 2-cycle's volume
So a Z n orbifold of T 1,1 in the ψ direction would give v = v T 1,1 /n with a = 1 while orbifolding θ 1 would give a = n (in addition to the overall change in the base volume). Hence the final result for the normalization of a D5-brane with winding number p in the KS throat with a possible orbifolding of the base is
and the field range is bounded by (using Eq. 17)
We note that in this paper, we will take p = a = 1 for most cases while we will find that we usually need some orbifolding n.
The Chern-Simons Action
The Chern-Simons (CS) part of the D5-brane action has two non-vanishing terms in the KS throat
The terms proportional to C 2 and C 0 vanish because they have no support in R 3,1 with no fluxes turned on in these directions.
C 6 is Hodge dual to C 2 with dC 6 = ⋆dC 2 . In the KS throat we have dC 2 = Mα ′ 2 ω 3 and from this we obtain
Integrating g ′ (ρ) with the AdS warp factor we get
Requiring that the flux vanishes as ρ → 0 we can set c = 0. Similarly, C 4 is given in the KS throat by
where we ommitted terms with no support on R 3,1 . Taking B 2 given by Eq. (22) together with q units of F flux (F = q 2 sin θ 1 dθ 1 dφ 1 ), doing the pullback and integrating over the S 2 coordinate, we get the following contribution to the D5-brane action
This goes like φ 4 (1+ln φ) and so we find that the CS term provides a quartic piece to the potential of a D5 in this background. This is just one piece of the potential; many other effects could contribute terms and we will come back to this issue later on. Also, for the rest of this paper, we consider the case with no flux on the brane q = 0 although we will comment on its effect in the conclusion.
III. DBI INFLATION FROM WRAPPED BRANES
We now consider the inflationary predictions of this model. The full potential for a D5-brane in a KKLT like setting has not been calculated and we expect other terms will be generated once moduli stabilization effects are taking into account. We do not expect the resulting potential to be generically flat enough for slow-roll, although it might be tunable to be so. For easy comparison to the current literature on D3 inflation we will assume that the potential is not flat and instead dominated by a quadratic piece. We will return to a discussion of the potential, including the quartic term from the Chern-Simons action in the next section.
A. General Constraints
Let us first take a simplified look at the fit to data. As we will see, the wrapped D5-brane system works with a smaller background charge N compared to a D3-brane. We note that the changes are not minor, as the fit to the data depends on different powers of N and thus we find very different results than in the previous analysis for the D3-brane case.
First, we will consider the most general case of any wrapped brane in a throat with an asymptotic AdS regime such that f (φ) = S −1 h(φ) = R 4 S φ 4 . We take the potential to be quadratic V ∼ 1 2 m 2 φ 2 and φ to be decreasing (the brane is moving into the throat). Such a potential gives rise to a Hubble constant that is linear in φ from the FRW equation
. This is usually referred to UV DBI and we will have some words later on the opposite regime where the brane is going out of the throat. The following result is useful in deriving simple relations [9] :
We can define three dimensionless constants in this problem
Note that B is just the field range while C encodes the information from the normalization of the field. For a Dp brane (with p > 3) we expect C ∝ N (p+1)/4 . We will be in the DBI regime when γ ∼ 2M 2 p f (φ) 1/2 H ′ > 1. We can fix these three constants by using three pieces of data. The strongest observational constraints come from the bounds on non-Gaussianity (|f N L | < 300) [36] , on the tensor-scalar ratio r < 0.3 and from the power spectrum normalization P S ∼ 2 × 10 −9 [37] . We will not worry about the exact value of the spectral index here; n s → 1 in the DBI limit of this system, but one can numerically analyze the "intermediate regime" to more accurately match observations [38, 39] . Since f N L ∝ γ 2 the bound on non-Gaussianity translates directly into a bound on the Lorentz factor at CMB scales γ < 30. We can express these three observables in terms of the dimensionless constants above
From the second equation we have that
This is a very conservative bound since it takes r and γ to be both at their maximum at the same time. As one can see, DBI inflation demands nearly Planckian field range in order to work. Now using the two remaining equations one can find the constraints on A and C to be
The constraint on A is something that in the absence of calculating all the contributions to the D5-brane potential in a given compactification, we must assume is possible to achieve. It says that the mass of the inflaton field should be at least four orders of magnitude below the Planck scale which is sensible. (Of course, A too small moves the system out of the DBI regime and toward slow-roll.) One can similarly find a lower bound on A and an upper bound on C by taking B 2 < 1. Then A > 2 × 10 −5 and C < 6 × 10 11 . But since we know the microscopic limits on the field range here, we can instead use that to examine the constraints in Eq.(42) in more detail.
For DBI inflation with a D3-brane, C = R 4 T 3 = πN 2v . Taking this into account, the conditions in Eq. (41) and Eq. (42) read (taking B to be the maximum value allowed Eq. (17))
which can only be achieved with a very small volume for the base but even then the necessarily small value for N forces us into a regime where the supergravity approximation is not trustable. On the other hand for a D5 wrapping p times on a cycle (with orbifolding a),
and the condition in Eq. (42) gives
while the condition in Eq. (41) (using Eq. (32) for the maximal field range) gives
As we said before we now have several new parameters to vary and there might now be some room in the parameter space that can fit the data. While these two constraints (44, 45) are necessary to match data, they are not sufficient. For a given data point that satisfies (44, 45) , we still need to make sure that we solve all of the equations (40) . We leave a more detailed study of the parameter space for future work but note that one can now see sensible points that match the data. For example taking p ∼ a, g s ∼ 0.1, all constraints are satisfied if
for which the supergravity solution is expected to be valid. For these values of the parameters we find
If we take the background to be an orbifold of T 1,1 and if we do not orbifold the 2-cycle the 5-brane is wrapping (a = 1 = p), then we need to orbifold the transverse space to it by an amount found from v = 16π
which gives n ≈ 735. This could be relaxed somewhat by allowing for some winding number p > a. We can check also that for this range of parameters, it is self consistent to neglect B 2 in Eq. (27) . Finally, let us mention that two others observables, the number of e-folds and the cosmic string tension, depend on the geometry at the bottom of the throat (or at the very least, they depend on the value of φ at which the throat is cut off). A complete analysis for the number of e-folds should include the fact that the geometry of the KS throat is modified in the IR [40] .
The number of e-folds in the AdS part of the throat (and assuming the relativistic solution) is
where we have used γ = 2A √ C 
We should mention that in such a scenario γ increases quite quickly as the branes goes down the throat and as we will show, the backreaction becomes important. For completeness, the cosmic string tension for a (p,q) string in the conifold is given in [41] [42] [43] . For a D-string, this is approximately
where G is Newton's constant. This can easily satisfy the current experimental bound for a small enough warping at the bottom.
B. Bounds on the Tensor-Scalar Ratio
In [44] Lidsey and Huston (LH) presented a lower and upper bound on the tensor scalar ratio for DBI inflation. The lower bound is particularly interesting as it is completely independent of the normalization of the scalar field. Indeed under the assumptions that the brane moves down the throat, that the warp factor decreases monotonically and that the the running of non-Gaussianity is smaller than 1, they found [44] 
which is at the limit of what is expected to be observable (see for e.g. [45] ) . This bound definitely applies in our set-up although nothing strictly forces us to have small running. If the running of the non-Gaussianities is large there will be essentially no lower bound. LH also calculate an upper bound on r from the Lyth bound. This bound does depend on the normalization and we repeat it here for the D5 case. Their approach uses an even lower bound on M 2 p than what we have used up to now since they consider only a fraction of the volume of the throat. The advantage of this method is that one finds a very simple expression at the end for the D3-brane case.
Conside the variation of the inflaton ∆φ * over the small range of observable efolds where one can treat r as constant. Approximating the volume of the throat over that range to be ∆V * ≈ v(∆ρ * ) 6 h 4 * , LH find the following maximal field range over that observable range of e-folds
This expression can be written in terms of observables and some background parameters (which cancel out for the D3-brane case):
Combining this with the Lyth bound, Eq. (7), gives
which for our benchmark point of the previous subsection (p ∼ a, g s ∼ 0.1, v = 1/40 and N ∼ 10 4 ) and ∆N e, * = 1 gives
which is slightly above the lower bound derived earlier.
Again we see that the D5 can match the data although without much wiggle room. This result is fairly sensitive to factors of two, and clearly if one allows for some winding number p, r * can be larger. Very interestingly the upper bound is close to the limit of what is expected to be detectable. We note that this upper bound is lower then the value we found in (47) which can be simply accounted for by having ∆N e * be slightly less than 1. For comparison, the Lyth bound translate into the following upper bound on r for the D3 brane case: r < 10 −7 [44] .
IV. BACKREACTION, KK MODES AND THE INFLATON POTENTIAL
Although the D5 system is at this level more successful than the D3 system, we now turn to some potential problems.
A. Backreaction
Unlike the D3-brane, the D5-brane will have a backreaction on both the warp factor and the internal geometry of the base. This makes the full backreaction calculation quite messy, but it is fairly simple to make an order of magnitude estimate. Let us first consider the case of a static (or slowly moving) D5-brane. The D5-brane is a source of F 3 and so we require p ≪ M . This ensures that the flux threading the S 3 is approximately the same below and above the D5.
If we integrate over the base, the D5-brane looks just like a D3 with tension pT 5 R 2 from dimensional analysis. The original background of the deformed conifold was made of N D3-branes with tension T 3 . Demanding that pT 5 R 2 < N T 3 gives the following bound which can be satisfied for our benchmark point used in the previous section of v ∼ g s and N ∼ 10 4 (then p ≪ 10
2 ). We see already from this argument that the backreaction of the D5 is much more important than for a D3. Furthermore, we neglected the effect on the internal geometry. Closer to the D5, the metric should approach a D5-brane metric (see for example [46] for a nice discussion of this issue). Nevertheless, this dimensional analysis argument tells us that while the metric will be different close to the D5-brane, the overall throat geometry should be left unchanged if the previous condition is satisfied.
Now all of this analysis was for a static D5-brane and should be valid when the brane is moving slowly. If the brane is moving relativistically, the energy of the brane and its backreaction on the metric will be enhanced [58] . One can see this by looking more precisely at Einstein's equation for this background.
From the trace of Enstein's equation [47, 48] and after some manipulations to write the Laplacian of h
where ∇ 2 is the Laplacian operator using the unwarped metric g mn in (14) . We have isolated the local part due to branes. Note that the flux part contains power of the warp factor as well as derivative of the warp factor ∂h. The original background can be thought of as coming from N D3-branes for which the stress energy tensor is 
The D3-branes are just a point source in the Green's function for h (see for example [49] ). For a static D5-brane we get that
where v S 3 denotes the volume of the transverse S 3 to the D5-brane. While the angular dependence has changed (from the δ function), the r dependence remains the same and it looks just like a D3-brane with tension
(in the following we will take v/v S 3 ∝ 1/a). Now including the γ factor in the stress energy tensor, T 0 0 will dominate in the trace, and we get the same answer multiplied by γ/2.
This gives a new bound (now neglecting factors of order 1)
Using the bounds (45) from data we get that
in order for the backreaction on the radial dependence of the warp factor to be negligible. For comparison, the same can be done for the D3 case where we have simply that γT 3 < N T 3 and using the bounds (43) gives γ ≪ 36. We see that from the backreaction point of view the D5-brane does not fare better than the D3. This analysis also shows that while the D5-brane can match the data when it is located near the top of the throat, its backreaction is important and cannot be neglected. In particular it is not clear that one can achieve the required amount of inflation. However, it is plausible that the overall cutoff of the throat is not shifted much, and so the approximate calculation of e-folds is still reasonable.
Note that a similar problem should arise if one tries to use D7-branes in this set-up. A static D7-brane does not perturb the warp factor (T m m − T µ µ vanishes for a static D7). This is no longer true if the D7 moves relativistically and T 0 0 dominates. It is easy to check that the backreaction is in general bigger for a D7 then for a D5 in this case.
Let us emphasize again that in addition to all this, the D5-brane should perturb the base of the cone and the dilaton (which should now have a weak dependence on the radial position), this is true whether one does slowroll or DBI inflation with the D5. In order to do a faithful match to the data, one should include this backreaction correctly in the calculation. We leave a more detailed analysis of these effects for further work.
B. The Hubble Scale and KK Modes
Another quick calculation reveals a similar potential problem with DBI inflation. One might think that the warping at the bottom of the throat h tip can be arbitrarily small but there is an important consistency check (as pointed out in [9, 10] ) that the Hubble parameter should be less than the mass of the KK modes in order for the truncation to a single-field effective field theory (that we have assumed) to be valid. That is,
since the h (−1/4) (φ) = φ/φ UV . However, consider the number of e-folds (from Eq. (49)):
Combining with the last line of Eq.(64), we find
This is positive since A √ C is less than one (from Eq. (42)), but it cannot be greater than 1. So it seems that for DBI inflation in an AdS throat, regardless of inflaton normalization, it is impossible to achieve a significant number of e-folds while m w KK > H. If the warped KK modes masses are lower than the Hubble scale then three questions follow. First, is the low-energy description where we discard these massive KK modes still valid during inflation? Second, is the mass of these KK modes shifted during inflation to a value of order H? Finally, if the modes are significantly shifted, do they affect the inflationary observables? To answer these questions properly we would need to know explicitly the 10 dimensional origin of the potential and then ask whether the KK modes "see" this energy density. The four dimensional effective field theory question goes back to how supersymmetry breaking is mediated to the warped modes at the bottom of the throat. In [50] , it is argued that the supersymmetry breaking scale can be warped down in this kind of model. Given a more complete description of the set-up (i.e., the source for all terms in the potential) this may be checked in detail.
C. Discussion of the potential
For the parameter values given in Eq. (46) and Eq.(42), the Chern-Simons quartic term is smaller than the proposed quadratic term as long as the inflaton mass (or parameter A) is near its upper bound. However there is a more general question about the potential that arises when φ/M p is so close to one -that is, can we be sure that terms depending on higher powers of φ do not dominate the potential [14] ? This is especially important because if such terms do dominate, the system will most likely not match the data. For example, from Eq.(2), we can see that if H(φ) = h n φ n with n > 4, the system is not inflating. A stronger version of the observational bound is the generalization of the second line in Eq. (40) , which gives
and so we see n < 3 is necessary to match the data. Even the case of the quartic term (H(φ) = h 2 φ 2 ) is a bit tricky, since the system only inflates for φ > 2/(h 2 R 2 √ S). If the potential is dominated by a constant (i.e., hybrid inflation in the usual sense), then the bound above constrains the ratio of coefficients in H(φ) rather than the field range, which seems more sensible. However, it is easy to show that these models generally have a blue tilt, while CMB data prefer red-tilt. For a thorough investigation of the behavior of the D3 system with fairly general H(φ) and c s (φ), see [51] .
The IR DBI models [52, 53] , where branes move out of the throat and H(φ) is dominated by a constant early on may be better for data fitting at CMB scales. However, these models will be nearly slow-roll soon after CMB scales, and it is not clear where the appropriate potential would come from. If SUSY-breaking effects take place in the bulk, it seems likely that the minimum energy pushes wandering D3-branes away from the bulk. However, more imaginative scenarios are probably possible. Certainly for the D5 scenario it is difficult to imagine a reasonable scenario that pulls D5-branes away from the tip and yet leaves the background solution otherwise stable.
V. CONCLUSIONS
In this paper, we have shown that one can extend the allowed field range in brane inflation by using higher dimensional wrapped branes. In particular, we presented a model of inflation where a D5 wrapping a trivial twocycle in the warped deformed conifold travels down the throat until its radius shrinks to string scale, where it self-annihilates through tachyon condensation.
Since the field range for the D5 is extended compared with the D3-brane it is worthwhile to revisit the case of DBI inflation with these branes. We have shown that for a quadratic potential the bounds of [11] are less restrictive and the fit to data can be done. On the downside, we have found that the backreaction is more important for higher dimensional branes and should be carefully checked before declaring this model successful.
Clearly, one needs the actual D5-brane potential, which we have not attempted to compute here. It would be interesting to describe this system through a Kahler/superpotential framework and to work out the explicit dependence of these functions on the D5-brane position. Knowing these, one could explicitly compute the potential and check how likely inflation is in this setup.
It is possible that a slightly different system could be constructed which is less restricted. An interesting possibility is IR DBI, where the brane goes out of the throat with a potential given by V = V 0 − 1 2 m 2 φ 2 . In this case γ must start relatively small and decrease, so it might be possible to have the backreaction under control. We should note however that even in this case, while the backreaction on the warp factor can be negligible, we still expect a backreaction on the internal geometry of the base and on the dilaton. Also, one needs to analyse this system at the bottom of the throat where the geometry is very different.
In this paper we have not included fluxes on the brane. The presence of flux would change the physics of the system significantly since the D5-brane would now be charged under F 5 and it would no longer self-annihilate as it reaches the bottom. Instead it would stabilize at a fixed radius. Indeed one can think of a D5-brane with q units of flux turned on as the dual of the blow-up of q D3-branes [54] . Anti-D3-branes at the bottom would be required to end inflation gracefully in that case.
This system has been studied already in [17, 44] . Let us just point out here that for the flux part to dominate in the DBI action there must be a large number of D3-branes in which case there is also a large backreaction. We believe that the simple D5 with no flux will give the smallest backreaction while still enhancing the field range significantly. Furthermore, the simplicity of the exit of inflation makes this scenario quite attractive.
Note added: While this paper was in the final stages of completion [55] appeared, which contains significant overlap with section II and III.
